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This thesis describes the physics, design, and construction of an experiment to 
measure the electric dipole moment (EDM) of the electron. In the experiment, laser-
cooled Cs atoms will be held in an optical dipole force trap in the presence of applied  
electric and magnetic fields. The signature of an electron EDM is a first-order electric 
field shift of the Zeeman resonance frequency of the Cs ground state. We present an 
analysis of the systematic and statistical errors of this experiment, which shows that the 
experiment should have a sensitivity of the order of 10
-29
 e-cm.  We pay particular 
attention to potential light-shift induced errors and to magnetic field noise.  We also 
present the design and experimental results for a cold Cs atom source, high voltage field 
plates, optical trapping field in a resonant build-up cavity, novel titanium ultrahigh 
vacuum system, and magnetic shielding system. These results show that a measurement 
of the electron edm at the level of 10
-29
 e-cm. should be feasible. 
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Chapter 1 Introduction 
We have designed and constructed an experiment to search for an electric dipole 
moment (EDM) of the electron using ultra cold Cs atoms. Our experiment will measure 
the ground state Cs atom Zeeman splitting in parallel electric and magnetic fields. If the 
electron EDM is non-zero, the Cs atom acquires an atomic EDM, which would be 
detected via a linear dependence of the Zeeman splitting on applied electric field. Such an 
edm can exist only if time reversal symmetry (T) and parity symmetry (P) is violated. 
The possibility of a non-zero EDM for elementary particles and nuclei was proposed by 
Purcell and Ramsey in 1950 [1]. In 1956 Yang and Lee proposed that parity symmetry 
might be violated in order to explain the theta-tau puzzle [2]. Next year, parity violation 
was observed in nuclear beta-decay by three different groups [3-5]. In 1964, an 
experiment showed that neutral Kaon decays violate both and charge and parity 
symmetry (CP) [6]. The CPT theorem, still believed to be correct for all field theories, 
requires that a system be symmetric under the combined inversion of all three symmetries 
C, P, and T.  Therefore, if the CPT theorem is valid, the previously observed CP is 
equivalent to T violation. Such CP violating interactions are now included in the standard 
model (SM) of elementary particle physics. 
So far, no EDM of any particle has been discovered. But the standard model does 
predict a non-zero electron EDM on the order of 10
–38 
e cm which arises from SM CP 
violating interactions [7].  This standard model value of the electron EDM is much too 
small to be detected experimentally. However, theoretical extensions to the standard 
model, such as super-symmetric theory, allow for an electron EDM as large as 10
–26 
e cm 
[8, 9], which is larger than the current experimental bound of 1.05  10
–27
e cm [10].  
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Our goal is to increase the experimental sensitivity to an electron EDM by two 
orders of magnitude. A nonzero result would give unambiguous evidence for a new T-
violating interaction, while a more sensitive null result would further constrain extensions 
of the standard model.  
 
1.1 THE T-VIOLATION OF AN ELECTRON EDM 
Let’s consider a spin-1/2 particle system with electric dipole moment d and 
magnetic dipole moment µ. If the particle is placed in parallel electric and magnetic 
fields, E and B, ignoring nuclear spin, the interaction Hamiltonian can be represented by 
S
S
EdBEdBH  )(      (1.1) 
The dipole moments are defined as 
S
S
   and 
S
S
dd  , where S  is the electron 
spin. Figure 1.1 shows the schematic diagram when a permanent EDM lies along the 
particle’s spin axis. When a magnetic field is applied to the particle, the degeneracy of 
the energy level will be broken into two spin states. In addition to a magnetic field, an 
additional electric field makes a further linear splitting if there is a permanent EDM, as 






























Figure 1.2: Energy splitting of spin-1/2 particle in E and B fields. 
This interaction results in a level energy that has a linear dependence on E and on 
the atomic magnetic quantum number M. When time is reversed, as shown schematically 
in Figure 1.3, the current, magnetic field, and magnetic dipole moment of the electron 
will reverse. However, the electric field and the EDM remain the same because the 
charge distribution will not be affected under time reversal. Therefore, the energy shift 
due to the electric field will be of opposite sign compared to that resulting from the 
magnetic field, as shown in Fig. 1.4. The forward and reversed interactions are not 




































Figure 1.4: Time reversed energy splitting of spin-1/2 particle in E and B fields. 
It is definitely impossible to reverse time in a laboratory experiment, but we can 
search for T-violation by placing the particle in parallel electric and magnetic fields. A 
linear energy splitting between the spin states on E is the signature of a permanent EDM 




























1.2 GENERAL EDM EXPERIMENTS 
There are three types of experimental searches for an EDM according to the kind 
of particle: the neutron, diamagnetic atoms and molecules, and paramagnetic atoms and 
molecules [10-18]. The most recent neutron EDM measurement, which is sensitive to T-
violation involving quarks, has been performed by P.G. Harris et al. [17]. They used 
ultra-cold neutrons with a mercury atom co-magnetometer, and obtained a neutron EDM 
limit |dneutron| < 6.3×10
–26
 e·cm. Experiments with diamagnetic atoms and molecules are 
also mostly sensitive to T-violating interactions involving quarks in the nucleus. The 
most sensitive experiment of this kind is a measurement of the EDM of the Hg atom by 
the Fortson group at the University of Washington [16]. They obtained the result |dHg | < 
2.1×10–28 e·cm. Paramagnetic atoms or molecules such as Tl [12], Cs [13] and YbF [10] 
are mainly sensitive to the EDM of the unpaired electron, which is the subject of this 
thesis.  
All three kinds of experiments are of interest, because T-violation involving 
quarks is theoretically independent of T-violation involving electrons. Also, the neutron 
and diamagnetic atom experiments are comparable fundamental sensitivity. Finally, 
EDM measurements in different systems could eventually be important to determine the 
fundamental mechanism of T-violation when and if it is discovered.      
The most sensitive measurement of the electron EDM was carried out by Hinds’ 
group using a molecular beam of YbF [10]. They obtained a bound de < 1.05×10
–27
 e·cm. 
Their experiment has the advantage that the effective internal molecular electric field 
seen by the unpaired electron is much larger than the applied external field. They used the 
F=0 and F=1 hyperfine levels of the YbF molecule’s ground state. The molecules 
optically pumped into F=0 state entered the electric field plates region and are transferred 
from 0,0, FmF  to  1,11,1
2
1
  by a radio frequency (RF) pulse. The second 
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RF pulse is applied and the fluorescence detector measures a final F=0 state population 
proportional to 2cos where  is the phase difference between the RF oscillator and the 
atomic relative phase. The Weiss group at Penn. State University is also searching for the 
electron EDM using ultra-cold Cs atoms. They are using cold Cs and Rb atoms trapped 
between ITO coated glass plates in a glass vacuum chamber, with the Rb atoms serving 
as a co-magnetometer [19].  
According to the Schiff theorem, in the limit of non-relativistic quantum 
mechanics, an atom will not have an EDM even if the electron does [20]. The atomic 
charges would redistribute so as to shield the external applied electric field seen by any 
electron. Since the average field seen by each electron is zero, no linear Stark shift 
proportional to de can occur. However, when relativistic effects are taken into account, an 
EDM of an electron can produce an atomic EDM, da [21]; for a paramagnetic atom 




, with Z the atomic 
number and α the fine structure constant. For heavy atoms R can be much greater than 1. 
Table 1.1 shows the enhancement factors of different atoms [15, 22-24]. From the table, 
heavier atoms such as cesium and thallium are desirable for EDM searches as they have 
large enhancement factors. 
 
Atom/molecule Li Na K Rb Cs Tl YbF 
R  0.004 0.3 3 27 120 600 6~ 10  
Table 1.1: Enhancement factors for different atoms and molecule [15, 22-24]. 
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1.3 OUR EXPERIMENT 
In our experiment, we seek to measure the electric dipole moment of the electron 
using ultra-cold Cs atoms in a Far Off Resonance Trap (FORT). Figure 1.5 shows the 
experiment process. We are using standard laser cooling methods to trap 
133

















Figure 1.5: Entire schematic of the proposed experiment. 
At first, we set up a three dimensional magneto-optical trap (3D MOT) [25, 26] to 
demonstrate production of ultracold Cs atoms. Then, we set up a two dimensional-MOT 










Step 2: 2D MOT
• atomic beam source
Step 3: EDM measurement
• optical molasses






Step 1: 3D MOT
• test MOT loading
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that we could capture the cold Cs beam in a MOT, and also in optical molasses (OM). In 
the completed experiment, we will launch the Cs atomic beam into the regions between 
two pairs of electric field plates in the main chamber, and capture them in those regions 
with optical molasses. As atoms diffuse through OM they will fall into and be trapped by 
a far-off resonance optical trap (FORT) [29]. The FORT can generate a strong trapping 
force for ground state atoms without the use of magnetic fields. In our set-up, it will be 





transition wavelength at 852 nm. The absence of a trapping magnetic field in the 
measurement region may be important because such a field could magnetize the magnetic 
shields or stray ferromagnetic particles in an uncontrolled way, and thereby produce 
uncontrolled residual magnetic fields in the experiment.  
After enough atoms are trapped the OM laser will be turned off and the Zeeman 
resonance frequency will be probed using Ramsey method [30]. The electric field plates 
will provide equal but oppositely directed static electric fields of 100 kV/cm, and a 1mG 
static magnetic field will be produced by a set of coils. The direction of electric fields 
will be flipped periodically and we will search for a linear change in the energy level 
splitting. 
 
1.4 CESIUM ENERGY LEVEL SHIFTS BY EXTERNAL FIELDS 
133
Cs has two hyperfine levels in its 6
2
S1/2 ground state. The hyperfine structure 
results from the coupling of the total electron angular momentum J with the total nuclear 
angular momentum I. Here F is the total atomic angular momentum given by J + I. For 
the Cs ground state, J = 1/2 and I = 7/2, which gives the two hyperfine levels F = 3 and  
F = 4. In our experiment, Cs atoms will be optically pumped into the F=3 ground state, 
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which has seven Zeeman sublevels M = –3 to M = +3. Figure 1.6 shows the energy level 
shifts of Cs 6
2












Figure 1.6: The energy level shifts of Cs ground state due to external fields. 
The static electric field will produce a scalar Stark shift 2
2
1 E , where   is 
6
2
S1/2 ground state polarizability, given by h·0.1001 Hz/(V/cm)
2
 [31]. At field strength  
100 kV/cm, this shift is kB×24 mK. The scalar Stark shifts of the Zeeman sublevels are 
equal. The next largest shift is the first order Zeeman splitting induced by the static 
magnetic field. For the 1 mG magnetic field considered here, the F=3 ground state splits 
to seven equally spaced Zeeman sublevels M with a 350 Hz frequency interval. The next 
most significant shift is the tensor Stark shift due to the static E-field. This second order 
part of the DC Stark effect shifts the sublevels by an amount proportional to M
2
 [32]. 






























mHz, the Zeeman transitions M→M±1 should be well resolved each other which allows 






Figure 1.7: Resolved Zeeman Spectra 
If a permanent atomic EDM exists, T-violating energy shifts also occur. We 
measure the splitting due to the Hamiltonian 
maxmax // FEFRdFBFEdBH eA

     (1.2) 
Here, R is the enhancement factor for Cs and Fmax=4 is the maximum total atomic angular 
momentum. In our experiment we seek to measure the F=3 ground state splitting between 






         (1.3) 
 
1.5 MAGNETIC RESONANCE 
The magnetic resonance technique plays a key role in various scientific fields like 
physics, chemistry and biology. It is a common technique to EDM experiments. In this 
section, we describe the basic theory of Rabi and Ramsey magnetic resonance 
experiments. 
Atomic magnetic resonance experiments seek to measure the torque on the 
magnetic dipole moment S  of an atom in a magnetic field B, where   is 
gyromagnetic ratio. The classical equation of motion of the spin is 
M= -3 → -2 -2 → -1 -1 → 0 0 → 1 1 → 2 2 → 3
RFv





          (1.4) 
This results in a precessional motion at the Larmor frequency 00 B   for zBB ˆ0 , 





Figure 1.8: Magnetic moment S  precessing in a constant field B. 
An approximate solution to (1.4) can be obtained more conveniently in a rotating 
frame. The time derivative of S viewed from a rotating system is related to the time 


























       (1.5) 








































  (1.6) 
where ẑ   is a vector whose magnitude gives the angular frequency of rotation of 
the rotating system and whose direction is the axis about which the system rotates. When 
we apply a transverse oscillating rf field )cos(ˆ)( 11 txBtB  to this system, the rf field 
can be decomposed to rotating and counter rotating parts.  




















where 'x̂  is the unit vector in rotating frame and ''x̂  is the unit vector in a counter- 
rotating frame. Figure 1.9 presents the unit coordinate axes. Here, if the rf field amplitude 
is not too big, the counter rotating part only induces a small fast oscillating adjustment of 
spin precession which averages zero, so it can be neglected. This is called “Rotating 





Figure 1.9: The unit vectors in the new frames 
 After applying the RWA, the total effective magnetic field and the equation of 






























0    (1.10) 
Here,   is the detuning of the rf frequency from the Larmor frequency,   
represents the on-resonance Rabi frequency and 22 R is the generalized Rabi 
frequency. Equation (1.10) describes the precession of the spin around an effective 























Figure 1.10: The spin precession in the rotating frame 























sin21)(    (1.11) 
For a spin-1/2 system, )(tS z can be expressed in terms of the spin up state 
probability P+ and the spin down state probability P–, as )(
2
1
)( tStP z . 
















sin)(      (1.12) 
Rabi performed the first magnetic resonance experiment and made the first 
precision nuclear magnetic moment measurement. He used two state selecting 
magnets, a magnet generating a uniform field and an rf oscillating field in a 
molecular beam experiment. He applied rf oscillating field pulse with duration T 










probability. Figure 1.11 illustrates Rabi line shape. The central peak FWHM (Full 












Figure 1.11: Rabi line shape with a π-pulse duration of T. 
Ramsey improved on Rabi's method with his method of separated oscillatory 




 are separated by 
interrogation time T. Atoms passing through a first state selecting magnet are prepared in 
the spin up state, and then they experience the effective magnetic field along the rotating 
axis 'x̂  for the time τ which leads spin to precess through an angle 
2
 about the axis of 
effB . After the first rf field, the spin is in the transverse plane and precesses freely 
through an angle T)( 0   . When the atom reaches the second rf field region, the 
spin precesses again about effB . zS  is preserved in the second state selecting magnet 
because the spin precesses about z-axis. Figure 1.12 shows the spin precession in the 














Figure 1.12: Rotating frame precession of the spin in the Ramsey method 
In this Ramsey method, the transition probability can be given by the following 























































































During the measurement, if the Rabi frequency is much larger than the detuning 
)(  , effB  is close to the axis of 'x̂  during the / 2  pulses. If we apply these 
two conditions to (1.13), the transition probability is simplified to 




















Figure 1.13: Ramsey line shape in the limit of   (The FWHM of the central 
fringe is
T
 5.0 ). 
Figure 1.13 shows the Ramsey magnetic resonance line shape. Here, we obtain a 
somewhat narrower FWHM (  =0.5π/T) than in the Rabi method. Also, since the 
resonance is sensitive only to total accumulated phase , the Ramsey method has no 









Chapter 2:  Experimental Sensitivity 
EDM experiments seek to measure an extremely small energy level splitting with 
de on the order of 10
–27
 e cm and smaller, so we need to understand and control the 
sources of uncertainty and error. Atomic experiments are generally limited by statistical 
uncertainty and by various systematic errors. Another uncertainty in our experiment 
arises from magnetic field noise. Although magnetic field noise has not significantly 
limited previous experiments, it becomes more important as the experimental sensitivity 
is increasing. It will be discussed in more detail later. In this chapter, we present various 
error sources in EDM experiments and describe several advantages of our experiment. 
 
2.1 STATISTICAL UNCERTAINTY 
2.1.1 Shot noise limit 
Assuming that single measurements with a coherent interaction time   are 
conducted on N atoms in a total measurement time T )(   and probed by Ramsey 
magnetic resonance method [30], the statistical uncertainty is mainly due to the shot noise 
in the number of atoms making a spin transition. The shot noise-limited frequency 







       (2.1) 
dN/dt is the number of atoms counted per unit time as in the atomic beam 
experiments and in the second expression N describes the number of atoms held in a trap 





  can be 











        (2.2) 
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From the dependences on , T, and N, less statistical uncertainty will be obtained 
from larger values for these factors. In our experiment, we have two experimental regions 
that lead experiment error to be improved by a factor of 2  due to twice number of 
atoms. As a result with enhancement factor R=120 for Cs at 100 kV/cm electric field the 

















     (2.3) 
From this equation, we can see that the EDM uncertainty is proportional to the 
frequency uncertainty. In our experiment, the coherent interaction time   can be up to 
1000 times longer than that of an atomic beam experiment. The interaction time is limited 
by the velocity of the atoms and the length of electrodes they pass through in atomic 
beam experiments. For example, the thallium atomic beam experiment has a 400 m/s 
velocity and an interaction region length of 1 m giving 5.2  ms [12]. The YbF 
molecular beam experiment has a similar 1 ms interaction time [10]. For a trapping 
experiment, interaction time will be limited by the trap lifetime as determined by losses 
due to collisions with background gas molecules, and should be at least 10 s. The benefits 
of longer   are lower statistical error and narrower measurement linewidth. For 10 s 





 Hz linewidth compared to 200 Hz for Tl and 500 
Hz for YbF. From eqns. (2.1) and (2.3), we can estimate the statistical uncertainty for de. 
Table 2.1 shows some estimated errors for N and   of Cs atoms with a total 
measurement time of 40 hours and a coherent interaction time of 10 s. The number of 
trapped atoms N refers to the number per experimental region. 
To match the current experimental limit of 2710 e∙cm we need to hold 670 atoms 
in each FORT and achieve a frequency uncertainty of about 10
-6  
Hz. In order to reach a 
sensitivity on the order of 2910 e∙cm we need to improve the frequency sensitivity by 
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two orders of magnitude and trap 10,000 times as many atoms per FORT. Based on 
estimates on Table 2.1 it is not unreasonable for us to reach our goal for the EDM 
experiment. 
 
)( cmede   )(Hz  T (s)  (s) N (per side) 
2710  
61025.6   
510  10 670 
2810  
71025.6   
510  10 
4107.6   
2910  
81025.6   
510  10 
6107.6   
Table 2.1: Values of and N necessary for specific ed  
2.1.2 Light Shifts in FORT 
The interaction between atoms and the far-detuned laser beam can cause the 
frequency shifts in the Zeeman transition [39-41]. The interaction Hamiltonian between 





EkfETEEH acac      (2.4) 
where the field direction is parallel to the quantization axis ( FFf / ). Here 
ac and acT  is the scalar and tensor part of the ac polarizability, respectively,   is a 
constant which depends on laser tuning and polarization, and k  is the wave vector of 
laser. The first term is an ac scalar shift expressing a potential to trap atoms. This scalar 
shift is independent of light polarization which is the same for both ground sub-levels. 
The third term describes a vector light shift proportional to the degree of circular 
polarization that linear in m, the projection of the total angular momentum F onto the 
quantization axis. Residual circular polarization of the laser light produces the effective 
magnetic field which results in the frequency shift given by [40, 41] 
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    (2.5) 
This vector light shift can be calculated from the second order time dependent 
perturbation theory. The details in derivation is described in Appendix B. Here, L  and 
R  are left-handed circular and right-handed circular polarizations, respectively and θ is 
the angle between the effective magnetic field δB and the static magnetic field along the 
quantization axis. The vector light shift can be suppressed by using linearly polarized 
laser beam and the perpendicular alignment of δB and static magnetic field B. For 1.3 µm 
laser beam (ω1/ω≈0.7) and 10 µK potential depth, the vector light shift is 6.1V kHz. If 
we reduce the helicity of the laser beam to 4
22
10 RL  and set the angle between 
δB and B to θ≈90º which results in 410cos  , the light shift becomes less than 
mHz16 . This shift has no dependence on the static electric field. 
 There is another shift called the tensor light shift which depends on m
2
. This is 
caused by hyperfine interactions in the excited state due to the trapping light field and the 
static electric field. The resulting frequency shift can be formed as 
22 )1cos3)(( mFT        (2.6) 
where   is the angle between the electric field direction of the linear polarized beam 
and the spin quantization direction. For 1.3 µm laser beam (ω1/ω≈0.7) and 10 µK 
potential depth, the tensor shift is 216)3( mmHz  at 90  that should not play 
a significant role in the measurement. This shift vanishes for transitions from +m to –m. 
 
2.2 SYSTEMATIC ERRORS 
In order seek an EDM signal we have to sort out possible true EDM from false 
magnetic and other noise effects. Unless we minimize these effects, a systematic error 




  effect that can be very troublesome in atomic beam experiments [11]. When atoms 






 . The interaction of the atoms’ magnetic momentum with this motional 
field produces an energy shift that is linear in E, thus mimicking the EDM signal. 
However, in the case of our trapping measurement the average velocity of atoms in a trap 
is zero, which leads to zero for the average value of Ev

 . 
Another systematic error is due to leakage currents [11]. When high voltage is 
applied to a system, an electric field can produce leakage currents across electrodes and 
these currents an additional magnetic field, BL, which are correlated with the electric field 
direction. This magnetic field is proportional to the E field, EIB LL   and the 
reversal of E field will also cause a reversal of BL. These fields are not distinguishable 
from an EDM signal. In general vapor cell EDM experiments, they are not bothered by 
Ev

  but they cannot have large electric field due to leakage currents running along the 
glass cell walls [11]. However, in our proposed set-up we can have large electric field of 
100 kV/cm by electrodes. In addition, we can localize atoms strongly in a trap, which can 
minimize troubles due to field inhomogeneities. These advantages of our method will 
allow us to achieve our goal. 
 
2.2.1 Tensor Stark shift due to the static electric field 
 As I mentioned in the previous section, the static electric field causes the tensor 
shift proportional to the square of m. If the electric field is not reversed perfectly, this 
produces a false EDM signal. The tensor shift part of the interaction Hamiltonian for the 















    (2.7) 
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where 2  is the tensor polarizability that is responsible for the splitting of Zeeman sub-
levels due to its dependence on the magnetic quantum number mF. For F=3 ground state 
of Cs atom, 222 )/(1065.3 cmkVHzh
 [39]. In our experiment, we are planning 
to apply the static electric field of 100 kV/cm of which the direction is parallel to the 
quantized axis )0(  . The resulting tensor Stark shift is 
220 FT mHzE        (2.8) 
This effect leads the Zeeman sublevels to be shifted by an amount of 40 Hz between the 
energy differences of sub-levels. 
 
2.2.2 Parity mixing shift induced by the trapping laser 
 The Zeeman level shifts of a ground state atom can be induced by the optical field 
which leads the interference between opposite parity states through both the electric 
dipole transition and magnetic dipole transition (or electric quadrupole) under the static 
electric field [39, 40]. The frequency shift due to the magnetic dipole interaction can be 
given by 
mbb sMDsMD )])(())(([
)2()1(     (2.9) 
Here, ̂ˆ kb  is the direction of the magnetic field in the laser field,   is the 
direction of the electric field of laser, s  is the static electric field direction and   is 
the quantized direction parallel to the static magnetic field. At 1.3 µm laser beam, 10 µK 
potential depth and the static electric field of 100 kV/cm, 10)1( MD mHz and 
5.2)2( MD mHz. If we can make
310 s and
310 , the frequency shift is 
reduced to 5.12 µHz. In addition this shift can be further suppressed by using a 
standing wave to 10
-5
, mnHz 2.1  which is much less than our EDM frequency 
sensitivity on the order of 10
-8
. 
 The electric quadrupole interaction shift is the same as the magnetic dipole form. 
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mbb sEQsEQ )])(())(([
)2()1(     (2.10) 
For 1.3 µm laser beam, 10 µK potential depth and the static electric field of 100 kV/cm, it 






Figure 2.1 shows the relative orientations of four vectors in parity mixing shift. 

























Because an EDM splitting will be measured in the presence of magnetic fields, 
one of the most important noise sources in our hypersensitive method is the noise due to 
magnetic field fluctuations that has not interrupted previous experiments. As described in 
Figure 2.2, our method has two sample regions at separation D along the magnetic field. 
From the equation (1.3), for the region where E and B are parallel the Zeeman 






11        (2.11) 






22        (2.12) 
The magnetic and electric dipole moments in both sides have the same sign; otherwise, 
the plus and minus signs are reversed in the above equations. As a result, the frequency 




  , where )( 21 BBB  .  (2.13) 
As an rms error )(    of the frequency difference   due to statistical errors, 
magnetic field fluctuations will lead to an rms fluctuation )( B  in B . The rms 
fluctuation of B  depends on field fluctuation sources. For two uncorrelated and 
similar sizable noise sources, BB  2
1
)2()(  , where B is the rms fluctuation in either 
B1 or B2. As a result, the uncertainty in the electron EDM, ed , is obtained by adding the 


























d Be    (2.14) 
If we assume that the statistical error can be neglected, then for uncorrelated noise 











     (2.15) 
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However, if the magnetic field noise comes from a source away from the region 
its fluctuations will be correlated between two regions. If fluctuations are equal in each 
region there will not affect on the measurement; thus, for correlated noise source 
magnetic field noise is mainly caused by fluctuations in the magnetic field gradient, 
zBB '  normal to the electrodes. If the separated distance between two measurement 
regions is D, the rms fluctuation in the gradient, 'B , is related to the rms fluctuations in 











d BBe       (2.16) 
The noise in B and in B’ at the measurement frequency   can be represented by 
their noise power spectra, )(BS and )(' BS , respectively. Here, )(BS  and )(' BS  
are spectral noise density in G
2
/Hz, and the rms fluctuation can be given by the spectral 
noise density times the measurement band width, 1/T, where T is the total measurement 









2         (2.18) 
In our experiment, for a total measurement time of T=10
5
 s the bandwidth will be 
10 µHz. We define 2
1
)]([ Bnoise SB   in HzG /  and 
2
1
' )]([' Bnoise SB   in 
)/( HzcmG  . From eqns. (2.17) and (2.18), the magnetic field and gradient noises are 
represented by 
TBBnoise         (2.19) 
TBB noise ''         (2.20) 
We can obtain a simple relation between the magnetic noise and the uncertainty in 









      (2.21) 
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'        (2.22) 
Table 2.2 shows the limits for the magnetic field noise in order to attain specific 
sensitivities in the EDM measurement for the correlated noise case. Here, we assume 
T=10
5
 s, D=1.5 cm, and E=10
5
 V/cm. In previous EDM experiments noise levels were 
attained on the order of )/(10 9 HzcmG  . The lower noise levels will play a key role in 
achieving our goal of 2910ed e∙cm. 
 
 









10107.8   
2810  
11107.8   
2910  
12107.8   
Table 2.2: Magnetic field noise limits for ed  
In order for the magnetic noise not to limit the experiment we need to suppress it 
less than the statistical noise which is critically dependent upon the total number of 
trapped atoms, N. 
 
2.4 SOURCES OF MAGNETIC FIELD NOISE 
As we discussed above, minimizing the magnetic field noise will play an 




e·cm. In this section, we describe several different noise sources and our solutions to 
suppress magnetic filed noises. 
 
2.4.1 Current Source noise  
One of main sources is noise from the bias coils, which is mainly due to the 
current source [11]. In order to achieve our sensitive measurement, D. B. Echerverry 
designed and built a custom current supply which can source a current of 140 mA as 
constant as possible [42]. In his design, the circuits were constructed with VHP-3 resistor 
and the 2N2219A transistor and were kept small (3in×3in) to minimize thermal gradients 
across the board. Precision metal film resistors and capacitors were used throughout to 
minimize noise. The magnetic field produced by the current going through the coils 
which are used for the static magnetic field can be expressed by 
IfB geometry       (2.23) 
where fgeometry is a proportional factor that depends on the geometry of the field coils. We 
are planning to use 1 mG induced by 140 mA low noise current supply that gives 
fgeometry=7.14 mG/A. As a result of noise tests, the current supply can source a 140 mA 
current with HznA /16  at the modulation frequency of 0.05 Hz. This would 
correspond to a magnetic field noise of HzG /101.1 10 . 
Another method to reduce this type of noise is called “common mode” noise 
rejection. Because we have two experimental regions, we are measuring only the change 
in the difference of the resonance frequency between two traps upon the reversed E. 
Therefore, it will be insensitive to magnetic field fluctuations, as long as the fields are the 
same in both traps. 
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2.4.2 Johnson noise  
The second source noise is thermal fluctuation currents, called Johnson currents in 
bulk conductors which produce a frequency dependant magnetic noise spectral density 
[43-45]. This means that any conductive material near our measurement region will 
produce noise limiting our measurement. Therefore, in order to find a proper material for 
main chamber and vacuum components, M. Kittle estimated magnetic field noise levels 
of various non-magnetic materials and chose and designed titanium chamber and 
electrodes [46]. Table 2.3 shows sample noise calculations for vacuum chamber and 
electrodes obtained by M. Kittle. 
 
Material 
1)( mohm  Electrode Vacuum cylinder 
)/( HzGBnoise  
)/(, HzGB noisex  
Al 
7106.3   
8107.1   
10107.6   
Cu 7109.5   
8102.2   
10106.8   
Ti (grade 5) 
5109.5   
9102.2   
11106.8   
Ti (grade 2) 
6100.2   
9100.4   
10106.1   
Glass 
1010  to 
1410  
1710  to 
1910  
1810  to 
2010  
Table 2.3: Estimated B-field noise due to different non-magnetic materials [46]. 
In this table, the grade 5 titanium, HzGB noisex /106.8
11
,
  offers an order 
improvement over aluminum HzGB noisex /107.6
10
,
  in the x-direction, but it is a 
significantly harder material. Therefore, we chose the grade 2 titanium as main chamber 
material which is a good middle point and it is more easily machineable than the grade 5. 
For the electrodes there are several critical features to keep in mind. The first one is that 
the material must be highly polished to apply a large and stable field; if the surface is 
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rough there will be filed emission. Also, insulator placed in the HV region can give rise 
to electrical break-down, and their contact with the electrodes must be recessed in holes 
with round edges. In our experiment, titanium field plates are used first, and then to 
improve sensitivity, we will set-up glass plates with Indium Tin Oxide (ITO) coating in 
our final measurement. Details of electrodes and chamber designs are explained in 
reference 46. 
 
2.4.3 Background noise  
The third noise source is background electromagnetic field noises from the 
Earth’s magnetic field and electric devices in our lab. The common solution is to use 
several layers of magnetic shielding. Magnetic shielding is high permeability material 
that attracts the magnetic lines; therefore, the magnetic field inside smaller than the 
magnetic field outside. We plan to use a five layer set of magnetic shields to attain our 
desired sensitivity. At first, our estimated shielding factors are based on the reference 
[47]. The estimated shielding factor was 51017.9  and in order to find the corresponding 
B-field noise inside shielding M. Kittle performed preliminary measurement of the 
background noise in our lab using three-axis fluxgate magnetometer. The noise around 
0.05 Hz field switching frequency was slightly below HzG /10 6  [46]. For this 
background noise, we expected that the noise inside the shields should be about 
HzG /10 12  and this result will lead for us to achieve our goal. More specific designs 






Chapter 3 Laser Cooling and Trapping  
Laser cooling is a technique in which atomic and molecular samples are cooled 
through the interaction with one or more laser light fields. It was first demonstrated by 
the Wineland group and the Dehmelt group [48,49], and then Phillips et al. succeeded to 
cool thermal neutral 
23
Na atomic beams in a spatial varying magnetic field environment 
(Zeeman slower) [50]. After that, optical molasses using sodium atoms was first 
demonstrated by Chu and his colleagues [51]. In this optical molasses, the atomic 
temperature is reduced to 240 µK; this is understood by the Doppler cooling theory 
where a temperature limit Bd kT 2/  , depending on the atomic transition linewidth Γ. 
A few years later Raab and coworkers succeeded a magneto-optical trap experimentally 
[52]. They combined a magnetic quadrupole field and circularly polarized, red-detuned 
laser lights to push atoms towards a zero magnetic field point. In this chapter we describe 
our trapping methods briefly and present our experimental data. 
 
3.1 LASER COOLING 
The idea of laser cooling is to cool an atom by transferring momentum to the 
atom in the opposite direction to the atom’s momentum, reducing the speed of the atom 
and cooling it. Doppler cooling provides a velocity dependent force that results from the 
interaction of an atom with near resonant laser light. Figure 3.1 shows the Doppler 
cooling scheme. Two laser beams with the same frequency L  counter-propagate to an 
atom with resonant frequency 0 . When an atom moves at a velocity v between these two 
laser beams, the atom experiences the Doppler shift, k·v, for each beam. For red-detuned 
laser beams ( 0 L ), the beam away from an atom will be shifted further from 
resonance and the other beam towards an atom closer to resonance, causing the atom to 
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scatter more photons from an forward atom than an outward atom. Each time the atom 
absorbs a photon, it has a recoil velocity, 4/ mk mm/s for Cesium, in the opposite 
direction due to the conservation of momentum. After that, the atom emits a photon 
spontaneously of which direction is random and averages to zero over many lifetimes. 










Figure 3.1: The Doppler Cooling Scheme 












     (3.1) 
where k

 is the wave vector of the laser, s0 is the ratio of the laser intensity I and 
the saturation intensity Is of the atomic transition, Γ is the spontaneous emission rate, and 
0  L  is the detuning frequency. The sign of the force depends on the motional 
direction of the atom relative to the laser beam; + (–) is for an atom moving towards 
(away from) the beam. If red detuned lasers are shined from all six directions, the atoms 
experience a strong damping force that slows the atomic motion and cools the atomic 
vapor. This cooling method is called “Optical Molasses” [54]. However, for multilevel 






atoms an excited atom may emit a photon decaying into a different ground state not in 
resonance with the laser field. In this case the atom will stop absorbing photons and the 
cooling process will stop. In order to continue the cooling process additional re-pumper 
laser is used for a transition from the undesired ground state to an excited state which 
leads for the atom to decay to the useful ground state. This cooling technique cools the 
atoms to sub-mK temperature. 
 
3.2 THREE DIMENSIONAL MAGNETO-OPTICAL TRAP (3D MOT) 
Magneto-optical traps are common methods to cool and trap atoms. MOT can 






 and temperatures of 30 to 
300 µK. In a MOT, the principle of Doppler cooling conspires with a position dependent 
force to slow and collect atoms. As an atom in cooling region slows down, the Doppler 
shift decreases and resonance will no longer be achieved. Finally atoms cannot be slowed 
any longer and then we will not trap atoms. In order to compensate the changed Doppler 
shift a position dependence restoring force must be supplied to produce a spatial variation 
of atomic resonance frequency. This force is based on the Zeeman level shift due to the 
presence of an inhomogeneous magnetic field. Basic MOT operation requires red 
detuned, orthogonal, counter-propagating laser beams of opposite circular polarizations, 
intersecting at the center of a quadrupole magnetic field produced by a pair of anti-
Helmholtz coils. This field configuration gives a zero magnetic field in the center of 
geometry. Figure 3.2 (a) and (b) show one dimensional energy level diagram for Zeeman 
shift and the trap geometry of the three dimensional MOT. 
Figure 3.2 (a) shows two level scheme of the transition from the ground state with 
J = 0 to the excited state with J = 1. Under a static magnetic field the excited state is split 
into three sublevels, namely M = –1, M = 0, M = 1. These energy levels are shifted 
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according to the Zeeman splitting, MBgE B , where g is the g-factor, µB is the Bohr 
magneton, and B is the magnetic field amplitude. If circularly polarized red-detuned 
lasers are incident, selection rules only allow transitions with ΔM = +1 for σ
+
 polarization 
and ΔM = –1 for σ
-





when an atom is at a position x < 0 or x > 0 respectively. This imbalance in the radiation 










Figure 3.2: (a) energy diagram in 1D MOT, (b) 3D MOT Scheme. 
Figure 3.2 (b) represents the three dimensional set-up. Here the average velocity 
of the atom is zero, but since the atoms still scatter photons from the six beams, a random 
walk in the velocity of the atoms takes place [51]. These statistical fluctuations result in 
<v
2
> ≠ 0, increasing linearly with the total number of scattered photons which gives rise 
to heating since 2vTkB  . The steady state energy is given when the heating rate is 
equal to the cooling rate. In the absence of stimulated processes, the minimum kinetic 
energy for a two level atom is given by  )2/(TkB , where   is the width 

















J = 1, M = +1
J = 1, M = 0
J = 1, M = -1




about 125 µK for Cs. The derivation of this one-dimensional lower limit does not take 
into account the cooling beyond the Doppler limit due to the polarization of the lasers. 
Other more complicated theories, called polarization gradient cooling theories [51], 
describe this process for multilevel atoms resulting in lower temperature limits. 
 
3.2.1 Experimental set-up for the 3D MOT 
In order to verify that there was enough Cs in the chamber to make atomic beam 
source, we first constructed a 3D MOT. The detail descriptions for vacuum system and 
hardware set-up are depicted in the reference 55. Figure 3.4 shows our 3D MOT set-up. 
For 3D MOT we used two different lasers, a MOT laser and a re-pumper laser. The MOT 
laser is a high power 150 mW SDL-5277-H1 diode laser that runs near the Cs D2 
transition at 852 nm. This diode laser is very sensitive to the current and the temperature 
as well as the optical feedback. In order to avoid the optical feedback we are using two 
optical isolators close to the diode laser. The MOT laser frequency is red detuned by an 
acousto-optic modulator through the double passes (~240 MHz) and the small portion of 
the laser is used to a Doppler free saturated absorption spectroscopy which makes the 
frequency locked at D2 transition. In addition to the MOT laser, the re-pumper laser is a 
low power 5 mW Yokagawa YL85XTTW diode locked at D1 transition of Cs atoms. 
There are two current controllers used for this laser, one for the diode current and the 
other for the current flow through the distributed Bragg reflector section. Figure 3.3 
shows the schematic of the master (MOT) laser system. The re-pumper system is almost 
















Figure 3.3: The optical layout of the MOT laser system 
For 3D MOT set-up, three laser beams were retro-reflected with quarter wave-
plates to produce the correct circular polarization and circular magnetic coils with a 3” 
diameter were made with 150 turns of 18 gauge magnetic wire. The 3D MOT chamber 
system is attached at an angle of 30 degrees relative to the main chamber for the electron 
EDM experiment. The vacuum chamber for the 3D MOT is made up of a long 
rectangular quartz cell, a bellows, an ionization gauge, a gate valve to the turbo pump, a 
bakeable valve with a cesium reservoir, and a 6-way cross with windows for detecting the 
atomic beam. The bellows is needed to provide a proper launching angle of atoms so that 
they reach the center of the main experiment chamber because the chamber is oriented at 
30 degree from the horizontal. The detail things about the vacuum system are described 
in reference 46. It was operated under the UHV condition of 9107.4   Torr. In this set-
up, the magnetic field gradient of anti-Helmholtz coils was I
dz
dB
 33.5  (G/cm) and 
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we used two different lasers, MOT laser and re-pumping laser to make cycling transition 













































Cs has two ground 6
2
S1/2 (F=3, F=4) states due to hyperfine splitting. As shown 
in Figure 3.5, the MOT laser is operated for the 6
2
S1/2 (F=4) → 6
2
P3/2 (F=5) transition. 





P3/2 (F=4) transition to excite any atom that decay into the 6
2
P3/2 (F=3) state from 
other hyperfine states. To detect the fluorescence from the 3D MOT, the fluorescence 
light is collected to Si-PIN photo diode using two achromatic doublet lenses. 
 
3.2.2 3D MOT results 
Once atoms are trapped, the signal from the photodiode was measured with the 




         (3.2) 
, where N is the number of atoms, Γs is the photon scattering rate per atom, ΔΩ is the 
solid angle subtended by the lens, η is the quantum efficiency of the photodiode, L is the 
transmission efficiency of the lens system, and e is the electron charge in Coulombs.  








 for a conversion 
factor of 0.51 A/W at 852 nm, and L = 0.84 for a 4% loss per surface of lens assembly. 
The photon scattering rate depends on the detuning frequency and laser intensity. In our 
measurement, all beam spot size was the same as 1 cm in diameter and the intensity of 
each beam was 3 mW/cm
2
 and the total power of re-pumper laser was 2.5 mW. In 
general, the number and density of trapped atoms vary with the laser beam intensities, 
sizes, detuning and magnetic field gradient. To get the maximized atom numbers in a 
trap, I tried to find optimized values of detuning frequencies and magnetic field gradients.  
Figure 3.6 (a) represents magnetic field gradient dependence of trapped atom 
numbers at detuning frequency of 10 MHz. Here, the maximum atom numbers were 
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occurred from 20 to 22 G/cm. Figure 3.6 (b) shows the detuning frequency dependence at 
















Figure 3.6: Parameter dependences of atom numbers in 3D MOT 
From these optimized parameters, we could obtain the atom number on the order 
of 10
8
. The trapped atoms are determined by the balance between the capture rate 
(loading rate) and the loss rate (decay rate). The number of atoms in the trap can be 
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Magnetic gradient dependence
Magnetic Gradient(G/cm)



















































, where Λ is the loading rate, 1/τ is the loss due to collisions with background gas atoms, 
β is the rate constant for collisions between trapped atoms with units of cm
3
/s, and n is 
the density of atoms in the trap. 
The third term represents the loss resulting from two body collision among 
trapped atoms and it can be approximated by –βn0N where n0 is the density of the trap. 
For small 1110 cm3/s [57], since the collision constant in the third term is much 
smaller than 1/τ in the second term, the third term can be neglected in eqn. (3.3). As a 
result, the solution to the remaining deferential equation is 
)1()( / tetN  .        (3.4) 
Figure 3.7 shows one of experimental data for loading atoms in 3D MOT. The 
total atom number in the steady MOT state is 81085.1  . The fitting result to raw data 
shows the loading rate Λ of 81047.1  atoms/s and the loading time τ of 1.26 s. From the 











Figure 3.7: The atomic loading data in 3D MOT 
Trapped atom number and loading rate
Time(sec)



















3.3 TWO DIMENSIONAL MAGNETO-OPTICAL TRAP (2D MOT) 
After determining a 3D MOT performance, we could begin the search for the 2D 
MOT. For the 2D MOT set-up, the z-axis beam is removed and replaced with a probe 
beam perpendicular to the z-direction with 1 cm in diameter. This detection beam was 
tuned at on-resonance of F=4→F’=5 transition and its intensity was close to the 
saturation intensity, 1.9 mW. We used this detection beam along with the weak re-
pumper beam, 300 µW. The MOT beam size was cmcm 42   in a rectangular shape and 
the total power of MOT beam was 60 mW. Also, there are two pairs of rectangular anti-
Helmholtz coils instead of circular ones. One pair has magnetic field vectors pointing 
towards the center of the trap and the field vectors of the other pair point away which 
result in forming a zero field line in the center. The coils each have 100 turns of 18 gauge 
magnet wire and "5"2   rectangular shape, and are 2.75” apart. The magnetic field 
gradient in gauss per centimeter is IdzdB  5.6/ (G/cm). Detection of the atomic beam 
is performed by a Photomultiplier tube (PMT) located at 56 cm away from the center of 
the trap. The detail design of PMT system is described in Laura’s thesis [55]. However, 
from this 2D MOT set-up, we could not get atomic beam fluorescence.  
To solve this problem, we added a linearly polarized pushing beam with on-
resonance frequency of F=4→F’=5 transition that has the size of 3 mm in diameter and 
1.2 mW. This system is called 2D+ MOT shown in Figure 3.8 which allowed us to obtain 
atomic beam signal. The estimated conversion signal from PMT to the number of atoms 












     (3.5) 
, where ISA means the current per single atom and 13.0SAI  nA/atom for our system. 
Here, 10
6
Ω is the resistance of an oscilloscope, 22.52    MHz is the natural line-
width of Cs atom, the solid angle is 0225.04   , η = 0.006 is the quantum efficiency 
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of the PMT, 6102G is the gain of the PMT, T = 0.34 is the transmission efficiency of 
the interference filter, 84.0L  is the transmission efficiency of lens system due to 4% 
loss per surface of lens assembly, and e is the electron charge in coulombs. In order to 
determine the atomic beam velocity and density, we conducted the time of flight (TOF) 











Figure 3.8: 2D+ MOT configuration 
Figure 3.9 shows the process of TOF signal analysis obtained from one of raw 
data with the condition of 11.2 MHz detuning and 11 G/cm magnetic gradient. The PMT 
voltage signals were measured according to switching re-pumper laser and fitted by Error 
function and differentiated to form velocity distributions of atomic beams. Figure 3.10 (a) 
and (b) represent the detuning and B-field gradient dependences of atomic beam velocity 
distribution. The highest peaks occur at 5.2 MHz and 6.5 G/cm, and the velocity range is 
from 10 to 30 m/s. The trajectory of atoms with the velocity range of 10 m/s to 30 m/s 



































Figure 3.10:(a) Detuning frequency dependences (b) Magnetic field gradient dependences 
Raw Data(11.2MHz & 11G/cm)
time(msec)


































Chi^2 =  210.5261















velocity distribution(11.2MHz & 11G/cm)
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(a) velocity dist. vs detuning freq.(6.5G/cm)
velocity(m/s)



















(b) velocity dist. vs B-field grad(11.2MHz)
velocity(m/s)



















In spite of making effort to obtain the atomic beam number, in this TOF 
measurement, it’s hard to obtain the real atomic number due to several problems like 
PMT alignment, atomic beam path alignment, and unstable locking of detection laser. So, 
we tried to do double MOT test to make sure how many atoms can be captured in the 
main chamber. 
 
3.4 DOUBLE MOT MEASUREMENT 
3.4.1 Double MOT set-up 
For double MOT set-up, we removed PMT and mounted additional 3D MOT test 























Figure 3.11 shows our Double MOT set-up. The test chamber is a regular octagon 
vacuum chamber from Kimball Physics (model No. MCF600-SO200800-A). It features a 
6.95” wide, 3” tall stainless steel construction with eight 2.75” CFF fitting ports on its 
octagonal side and two 6” CFF fitting ports on its flat-sides. CFF fittings on the chamber 
use buried-in screw sockets for fastening. The vacuum pressure was 9109.4  Torr and 
the atomic beam from 2D+ MOT is loaded into 3D MOT with the velocity range of 10 ~ 
30 m/s. The circular magnetic coils are mounted on the side of 3D MOT test chamber to 
provide magnetic field gradient which was IdzdB  02.6 (G/cm). For an additional 
3D MOT set-up, another diode laser is used for cooling and trapping loaded atoms in the 
test chamber and this laser is slaved by injection locking. Injection locking is a technique 
for enforcing operation of a laser on a certain optical frequency by injecting light with 
that frequency into the laser resonator. The high output power is generated with a high-
power laser, called the slave laser, the noise level of which is strongly reduced by 
injecting the output of a low-noise low-power master laser through a partially transparent 
resonator mirror. Provided that the frequencies of the master laser and the slave laser are 
sufficiently close, the injection forces the slave laser to operate exactly on the injected 
frequency with relatively little noise. Figure 3.12 displays the optics layout of our 
injection locking. The laser diode used in our Cs master laser is a high power 150 mW 
SDL-5722-H1 diode laser that runs near the Cesium D2 transition at 852 nm. This laser is 
extremely sensitive to optical feedback which leads us to use two optical isolators. The 
slave laser system uses a 100 mW high power laser diode made by Q-photonics with the 
wavelength from 840 to 860 nm, and the temperature and current of the diode are 
precisely maintained by Thorlab’s controllers. In addition, the laser diode holder and 
beam collimating components are combined into a single collimation tube made by 
Thorlabs. A portion of mater laser beam (~1 mW) is injected to the slave laser diode with 
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the same spot size and polarization. After locked, the slave laser sources the beam 









Figure 3.12: Injection locking optics layout 
 
3.4.2 Double MOT results 
In our double MOT measurements, the beam size of 3D MOT was 3.5 cm in 
diameter, total power was 60 mW, and re-pumper and pushing beam powers were 1.3 and 
1.5 mW, respectively. 2D MOT beam condition such as beam intensity and size remained 
same. Figure 3.13 shows the one of data for the number of captured atoms, launched from 
2D+ MOT, in 3D MOT. For 9.6 G/cm and 10.2 MHz red-detuning, we got 
7108 atoms/s in loading rate and 237 ms in loading time. Atomic flux dependences of 
magnetic field gradients and detuning frequencies are shown in 3.14 (a) and (b). The 
atomic flux enables fast loading of about 10
7
 atoms into a 3D MOT within 500 ms. From 
these data, we expect that larger values in atomic flux can be obtained under a high 
vacuum pressure condition because we are operating the main chamber above 10
-10
 Torr 
















































Figure 3.14: (a) Magnetic field gradient dependence at 6.6 MHz detuning and (b) red-
detuned frequency dependence at 9.6 G/cm magnetic field gradient. 
atom number(9.6G/cm, 10.2Mhz)
time(sec)




















(a) B-field gradient depend. @ 6.6MHz
B-field Grad.[Gauss/cm]































(b) detuning depend. @ 9.6G/cm
red-detuning [MHz]













































































3.5 OPTICAL MOLASSES (OM) 
In our actual measurements, Cs atomic beam launched from 2D+ MOT will be 
captured by optical molasses and Far-Off Resonance Trap (FORT) in the main chamber. 
Optical Molasses (OM) consists of 3 pairs of counter-propagating circularly polarized 
laser beams intersecting in the region where the atoms are present. The main difference 
between optical molasses and a MOT is the absence of magnetic field in the former. So, 
in our 3D MOT test set-up, we removed magnetic coils and adjust minutely polarization 
to get the largest atom number. Figure 3.15 presents an optical molasses data with the 
detuning frequency of 9.6 MHz. We got the loading rate of 6105 atoms/s and 100 ms 
loading time. Actually, this value is smaller than our expected value. It results from 
radiation pressure imbalances of counter propagating beams and beam misalignments. In 
order to improve these problems, we are planning to set-up other slave laser systems in 












Figure 3.15: Atom number in the optical molasses 
Optical Molasses @ 9.6MHz detuning
Time(sec)






















3.6 FAR OFF RESONANCE TRAP (FORT) 
The emerged atomic beam go into the optical molasses with the average velocity 




 atoms/s loading rate in the optical 
molasses. As atoms diffuse through optical molasses they will be captured by standing 





transition wavelength at 852 nm. This type of trap is a far-off resonance optical trap 
(FORT) which generates a strong trapping force for ground state atoms without the use of 













Figure 3.16: The trap loading scheme from 2D+ MOT 
3.6.1 Principle of FORT 
FORT employs optical dipole force to confine and trap atoms. The optical dipole 
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intensity gradient of the light field. Namely, the origin of dipole force is AC Stark shift 
and we can derive the basic equations for the dipole potential and the scattering rate by 
considering the atom as a simple oscillator subject to the classical radiation field. It is 
described in appendix A. Using eqns. (A.11) and (A.12), the dipole potential and the 
scattering rate for an alkali atom in a linearly polarized laser field of intensity I and a 
frequency detuning Δ1 from D1 transition, Δ2 from D2 transition (in the limit that 
detuning Δ1 and Δ2 are much larger than the hyperfine splitting and the decay rate of the 




































































































.   (3.7) 
We have used the sum rules for the D transition matrix elements, and assumed 
that contributions from other atomic transition are negligible due to far detuning. A red 
detuning laser beam produces an attractive potential whereas a blue detuned laser beam 
produces a repulsive potential. In principle, the FORT consists of a single, tightly 
focused, Gaussian laser beam, red-detuned from atomic resonance. For Gaussian laser 
with minimum waist w0 and laser wavelength λ, the intensity profile along the radius r 
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, where 2/0
2
0 IwP  . The 1/e
2













wzw        (3.9) 
, where  /20wzR   denotes the Rayleigh length. 
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In our EDM experiment, we are using a standing wave FORT which provides 
extremely tight confinement in axial dimension. If the thermal energy kBT of an atomic 
ensemble is much smaller than the potential depth U0, the extension of the atomic sample 
is radially small compared to the beam waist and axially small compared to the Rayleigh 
range. In this case, the potential can be well approximated by a simple cylindrically 
symmetric harmonic oscillator. Therefore the dipole potential generated by standing 








































kzUzrU D   (3.10) 





























  and k is the wavevector. 





zrm zr  and keeping only the quadratic terms near (r, z)=0, we can get the radial 















  ,     (3.11) 
where m is the atomic mass. Assuming the FORT trapped N atoms at temperature T, the 
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For a 1.3 µm laser wavelength and 300 µm beam waist size, the trapping 
frequencies for the trap are 272/ r Hz in the radial and 272/ z kHz in the 
axial directions at a trap depth of 10 µK. The higher trap frequency in the axial direction 
leads to confine the trap more tightly. Besides the advantage of a FORT which traps 
atoms without magnetic fields, the other benefit is the reduced scattering rate resulting in 
longer trap lifetimes. Since the laser is detuned too far from the atomic resonance 
frequency, the excited population is small. Therefore the photon scattering rate is 
dominated by Rayleigh scattering, where the atom is left in its initial state [38]. This 
lower scattering rate leads the trap lifetime to be limited by collisions with background 
gas [35]. As a result, we can have longer coherence interaction times, thus lowering the 
statistical uncertainty. This is also the reason we plan to use the F=3 ground state, the 
collision rate is lower than that of F=4 ground state [58]. 
 
3.6.2 Experimental set-up of the Optical Cavity 
Basically, our cavity system was designed and built to be stabilized the frequency 
of a 1.3 µm laser to the optical cavity resonance using the Drever-Hall-Pound method 
[59, 60]. Detail things about experimental and theoretical concepts are described in 
reference [61]. This method uses the phase difference between phase modulation 
sidebands of a laser and its center frequency reflected from the input mirror of an optical 
cavity as an error signal. This error signal can then be sent to an integrator used to set the 
laser frequency and the cavity length controlled by a piezoelectric stack. There are two 
sets of optical cavity systems in our set-up. Figure 3.17 shows an optical cavity layout of 
two channels. The Cs FORT beam is generated by a Light Wave model 126 single mode 
(TEM00) single frequency laser with a wavelength of 1.319 µm, a linewidth of 5 kHz, and 
power range from 150-380 mW. The actual power applied to the cavity was about 100 
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mW. The beam passes through the phase modulator and gets 13.9 MHz sidebands. The 
modulator is a New Focus Model 4004 Broadband phase modulator which is driven with 
a signal generator and a helical coil which is tuned to be in resonance with the modulator 
at a frequency of 13.9 MHz. A helical coil is basically a high Q autotransformer which 
allows impedance matching between the signal generator and the capacitive phase 
modulator while also providing a large voltage step up. The RF power applied to the 












Figure 3.17: Optical Cavity Layout 
The beam is injected into an optical cavity that is initially set up with an input 
mirror with R = 99.6 % and the output mirror with R = 99.98 %. High reflectivity mirrors 
are necessary to achieve a large intensity build-up in the cavity. The cavity length is set to 
35 cm and the curvatures of both mirrors are 40 cm. The cavity length and mirror 
curvatures are set to different values to avoid the mode degeneracy of a con-focal cavity. 
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We chose the mirror curvatures making a relatively large beam waist size which reduces 
the collision rate between two atoms in the same lattice site. Both the reflected and 
transmitted beams are monitored with Hamamatsu photodiodes operated in the 
photoconductive mode to ensure a response bandwidth larger than the modulation 
frequency 13.9 MHz. The photodiode signal of the reflected beam is sent to a band-pass 
filter of RF derive circuit centered at 13.9 MHz which suppresses the higher order modes 
from interfering with the phase detection. The phase detection is conducted by a Mini-
Circuits ZRPD-1+ phase detector. Since a frequency mixer is not sensitive to imbalances 
in the amplitudes of the inputs, we use a phase detector for the modulation and 
photodiode inputs. The error signal generated by the phase detector is then sent to an 
integrator whose output sets the frequency of the laser and the cavity length of 
piezoelectric stacks in mirror mounts. Our FORT laser has two methods of frequency 
tuning. The first is a relatively slow temperature control (1-10 seconds) of the laser 
resonator which has a large tuning range of about 38 GHz. The second method is a fast 
piezoelectric strain (« 1 second) on the resonator and tuning range is about 50 MHz. In 
our dual channel locking performance the integrator output of channel 1 is used to control 
a piezoelectric stack and the feedback signal of the channel 2 is injected to the laser for 
fast tuning. The data for the dual locking performance are shown in the next section. 
Due to the extreme magnetic field sensitivity in our EDM experiment we use non-
magnetic material for all the structures in vacuum system. In order to avoid the small 
magnetic fluctuations caused by Johnson currents we designed and built a custom 
platform constructed from Macor and Titanium which have non-magnetic property and 
low conductivity. Quartz rods held the overall structure and a low thermal expansion rate 
of quartz leads the cavity to be more stable [61]. Figure 3.18 shows our cavity structure. 
There will be high voltage electric field plates which are mounted in between the Macor 
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platforms. The wires that supply the high voltage pass very close to the cavity, so in order 
to shield the high voltage conductors from sharp edges they are surrounded with 
















Figure 3.18: Cavity structure 
3.6.3 Optical Cavity Characteristics 
In order to get characteristics of our optical cavity we did some tests. We used a 
signal generator to derive the laser frequency for sampling the transmission curve of the 
cavity. Figure 3.19 represents our cavity resonance modes for two channels. To get 
transmission responses the laser was tuned slowly with the sweeping signal of 0.01 Hz 
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and 1.5 Vpp. Our FORT laser has the slow tuning rate of 3.8 GHz/V and output signals 














Figure 3.19: Cavity resonance modes 
From these data free spectral ranges (FRS) of both channels are about 205 MHz 
and corresponding cavity lengths are 36.6 cm. In addition, we can calculate the mode 











mnmnmni awithEaE       (3. 15) 
where Emn are the stable modes of the cavity. The mna  can be estimated from the height 
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So the laser is mode-matched 95 % into the channel 1 of the cavity. As the same method 
the mode efficiency of the channel 2 is about 97 %. Also we could get the full width at 
half maximum of 1 MHz which leads to a finesse of 200 when the free spectral range is 
205 MHz. Before measuring dual locking performance we first checked reflected signal 
from the input mirror of the cavity and corresponding RF feedback signal. Figure 3.20 
shows a reflected signal of the cavity and an output of RF circuit. The laser was 
modulated by a phase modulator and the reflected beam has two sidebands at 13.9 MHz 












Figure 3.20: Reflected and error signals of channel 1 
This reflected beam is sent through a band pass filter centered at the modulation 
frequency and the output of RF circuit goes through an integrator and then can serve as 
an error signal to drive a feedback to the laser and cavity length. From this closed 
Reflected and Error signals of Channel 1
Time (sec)




















feedback loop, we can keep the cavity on resonance for one hour. Figure 3.21 represents 











Figure 3.21: Dual locking performance of two channels 
Under the optimum locking condition the feedback signal of channel 1 is used as 
slow tuning to control piezo-stack of cavity output mirrors and the channel 2 signal is 
sent to the fast modulation of the laser. From locking signal data we can obtain intra-
cavity power during two channel locking. For channel 1 the transmission amplitude is 
measured by a digital oscilloscope across a 1 kΩ resistor which leads 4 mA photo-current 
for 4 V amplitude. For the photodiode power efficiency of 0.9 A/W the output power is 
about 4.44 mW that is corresponding to the power in the cavity 89)1/(4  ttC RPP W. 
From the same method the channel 2 has 110CP W. At these full laser powers the trap 
depths in channel 1 and 2 are 353 and 460 µK, respectively. But, while obtaining data the 
powers will be turned down and the both trap depths will become lowered to U0≈10 µK. 
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Chapter 4 Main Experimental Apparatus 
As discussed in previous chapter, the 2D+ MOT creates an atomic beam which 
we use to send the Cs atoms into the regions between two pairs of electric field plates in 
main chamber, the Cs atoms will be trapped by Optical Molasses (OM) and Far Off 
Resonance Trap (FORT). In this chapter, we will overview main experimental apparatus 
mentioned above briefly and present some detail things and test results. As we mentioned 
in section 2.4, Kittle and Laura designed and constructed vacuum hardware based on 
their calculations [46, 55]. We conducted main chamber assembly from constructed 
vacuum parts, and also upgraded the magnetic shields design and constructed three sets 
of layers first. In addition to main chamber and magnetic shields, we performed high 
voltage tests to check the leakage currents. Although we didn’t get our expected order of 
current value, we could check that our high voltage set-up works basically and this will 
be a useful baseline for our real system. 
 
4.1 MAIN CHAMBER ASSEMBLY 
For the main chamber all vacuum components were made from grade-2 Titanium 
and they were welded at the physics machine shop at the University of Texas. Figure 4.1 
shows the schematics of the experimental use and set-up. The chamber has the main body 
of 10” diameter and 15” long with 0.165” wall thickness and symmetry with 8” conflate 
flanges welded to 4” long and 6” diameter Titanium pipe at both ends. There are twelve 
additional ports arranged symmetrically about the chamber. Four of these ports have 4-
5/8” con-flat viewports flanges which are equally spaced along the circumference at the 
center of the chamber. The electrodes are in the center of the chamber and are surrounded 















Figure 4.1: Cross section views of experimental apparatus [46]. 
One pair of viewports opposite to the faces of electrodes is used for a pair of 
optical molasses beams. The other pair is used for imaging trap. The rest eight ports 
access to the region between the plates. The atomic beam will be loaded into the main 
chamber from the separate 2D+ MOT vacuum chamber above through a port oriented 30 
degree from the horizontal. The four ports oriented at 60 degree from the horizontal are 
used for two pairs of optical molasses beams. The high voltage feedthroughs and vacuum 
pumps and gauge are through the top of the vacuum chamber. The top of the cube is 
fitted with a titanium viewport made with Infrasil. The four sides have 20” long titanium 
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The electrodes are supported from the top of the chamber by quartz rods clamped 
to a titanium ring that slide into the 6” titanium pipe portion at the top of the chamber and 
secured with titanium screws. Also we use a titanium bellows to tilt and translate the 
cavity within the plates which allows the electric and magnetic fields to be separately in 
different regions. The entire cavity structure is mounted from the bottom of the vacuum 














Figure 4.2: Top view of experimental apparatus 
Figure 4.2 shows the top view of whole vacuum chamber assembly. The HV 
feedthroughs are connected to the titanium tube by a stainless steel con-flat Tee. The ion 
pump occupies a second Ti tube and the titanium sublimation pump is connected by a 
stainless steel elbow to the third arm. The fourth contains the ionization gauge and 
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another electrical feedthrough used for the cavity. The piezo stacks of outer cavity 
mirrors and af coils for the oscillating magnetic fields are connected by kapton wires to 
the electrical feedthrough. The HV feedthroughs are connected to the titanium rods as 
HV cables by “L” shape aluminum clamps and these rods are coupled to the electric field 
plates by titanium clamps. These titanium clamps were designed and built after due 
consideration about the dimensions of all objects inside the cube chamber. The 3D 










Figure 4.3: High Voltage Titanium clamps 
As shown in Figure 4.2, 2D MOT system is connected to the main chamber by a 
long vacuum tube. Figure 4.4 shows the side view of the connection between 2D MOT 
and main chambers. Because we will operate the main chamber with ultra-high vacuum 
on the order of 10
–10
 Torr, it is beneficial to start with vacuum pressure as low as possible 
in the 2D MOT chamber so as not to overload the pumping ability of the main chamber. 
There is a small aperture at the beginning of the long tube which leads the main chamber 
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to allow for differential pumping. The conductance in liters per second of a thin aperture 
can be written by [62] 
AC 6.11        (4.1) 
where A is the area of the aperture in square centimeters. We have the aperture with a 
diameter of 5 mm which results in C=2.3 l/s. For the 2D MOT chamber pressure of 
9105   Torr and the 75 l/s pumping speed of ion pump, the minimum pressure in the 














   (4.2) 
where Q is the gas load and S is the pumping speed. From this estimation, we could 
get 10105.1  Torr, theoretically. However, if the dominant background gas in the 2D 
MOT region is cesium, the clean walls of the long metal tube leading into the main 












Figure 4.4: The side view of 2D MOT and main chamber 
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 For the initial pump down of the chamber, we connected the pumping station to 
the one of the titanium tube with right angle metal valve. The pump station consists of a 
dry scroll roughing pump and turbo pump. In this pumping step, the chamber was 
pumped down to 6103  Torr read by the gauge on the pumping station. We first tried to 
do leak check and check the chamber contamination by use of RGA, and then heated the 
chamber up to 100 ºC slowly in about one day for bake out. In this step, we had to be 
careful because there are many view ports on the main chamber of which the maximum 
bake-out temperature is 120 ºC and the temperature difference between in and outside can 
give stress to window glasses. After baking out at 100 ºC for one day and cooling down, 
the reading on the ionization gauge at the end of the titanium tube dropped 
below 7105.2  Torr and measured RGA signal for leak and contamination of the 
chamber. After that, the 75 l/s ion pump was turned on and the pressure was suppressed 
down to 8108.9  Torr. We tried to turn on each filament of the Titanium Sublimation 
Pump (TSP) for 1 minute at 43 A to degas and turn back on at 45 A for 2 minutes which 
leads the pressure to be dropped below 8104  Torr. After these processes, we decided to 
do bake-out again at 100 ºC for several days. When the pressure was dropped down 
below 8102.3  Torr, we closed the right angle metal valve and cooled down. Flashing on 
TSP periodically, our final pressure became 10103.2  Torr. After checking the final 
pressure, we vent out the chamber with the nitrogen gas and replaced RGA with a view 
port. Based on the RGA test for the main chamber, we have operated the vacuum of main 
chamber below 10105.1  Torr on the ionization guage. Figure 4.5 presents pictures of our 
assembled main chamber operated at ultra-high vacuum condition. As mentioned above, 
the main chamber is connected to the 2D MOT separated atomic source chamber through 















Figure 4.5: Assembled UHV main chamber 
 
4.2 HIGH VOLTAGE SYSTEM TEST 
The measurement of seeking an EDM signal depends on the separation of a 
possible true EDM from spurious noise signals associated with the application of the 
maximum possible electric field. All EDM experiments including atomic beam and vapor 
cell experiments are performed under the high vacuum condition less than 510  Torr 
and it allows the maximum electric field, on the order of 100 kV/cm, to be stably 
maintained between two electrodes. However, in the real experiment system, since the 
field must be flipped in their polarity periodically, the practical field limit is about 200 
kV/cm [11]. Our EDM experiment will be performed under the high voltage condition 
(100 kV/cm) under the ultra-high vacuum condition (less than 9100.1  Torr). Whenever 
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high voltages are applied to a system, there are small leakage currents flowing through 
insulators and conductors, and these currents generate magnetic fields correlated with the 
electric field direction and are indistinguishable from an EDM. A changing magnetic 
field associated with apparatus used to reverse the applied electric field polarity has led to 
systematic effects. Therefore, the kind of electrode material is a key role in EDM 
experiments and it must have highly polished surface condition because the roughing 
surface makes field emission. Also, it’s better to use a material with a low vapor pressure 
and low internally absorbed gas which prevents the electrodes from arc producing a 
continuous discharge. We are using high polished titanium electrodes with round edges 
and low electrical conductivity. There is Indium Tin Oxide (ITO) coated window at the 
center of the field plate for optical molasses beam. The design of the titanium pates is 









Figure 4.6: Titanium electrode and clamp to hold ITO coated window 
Figure 4.6 presents the Titanium electric field plates. These titanium electrodes are 
















Figure 4.7: The pictures of our titanium plate supported by quartz rods and macors 
From these field plates, we will be able to know an appropriate ITO coating that is 
compatible with high voltage and finally use glass plates coated by ITO thin conducting 
film which will reduce magnetic field noise significantly. In order to test our high voltage 
(HV) system, first we tried to measure the leakage current in the HV system, so we built 
up the test chamber with a pair of aluminum field plates )147( cmcm . They are 
separated with 5 mm gap and fixed by quartz rods and hung on aluminum holder as 
described in Figure 4.8 (a). They are connected to high voltage feedthroughs by 

















Figure 4.8: (a) The top view of aluminum plates’ structure and (b) the test chamber 
Our high voltage system consists of HV feedthrough, leakage current measurement 
circuit, HV relays, relay switching circuit and HV supply. The wire connection diagram 
of our HV set-up is shown in Figure 4.9. Here we connected 200 MΩ resistors with each 
polarity in series for the charging time constant less than 10 ms. The cable we used has 
the capacitance of 44 pF per ft. and we used 15 ft. on each side, so that the capacitance of 






pF which results in the total capacitance of 16 pF. The calculated time 
constant is about 4 ms. All parts including HV cables are grounded and in order to 
prevent the exposure from the high voltage, we place all relays, circuits and feedthroughs 


























Figure 4.10: (a) The HV supply and relays and (b) measurement region 
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Here we are using four single pole normally open HV relays which are operated 
under the oil-based surrounding and solid state relays made by Crouzet as a switching 
circuit which are controlled by TTL signal. In the measurement process, once the plates 
have charged up, there will be only a very small current through the resistor, and we 
measure the leakage current by digital voltmeter reading on the order of mV. For 2 MΩ 
resistors, we are expecting to measure in the range of few nA. In order to prevent the 
equipment inside the chamber from an accidental discharge of the HV we decided to put 
a large resistor (5 MΩ) in series with the feedthrough, just before the feedthrough. It is 
chosen not to limit the rate of normal charging of the plates from the supply. If our 
voltage supply delivers 5 mA for 50,000 V applied voltage, 5 MΩ resistor right before 
the HV feedthrough would limit the current to about 50,000V/5MΩ = 10mA. Since this 
limit is greater than the supply can deliver, the resistor doesn’t have much effect. 
However its effect is much greater if there is a discharge in the chamber. In that case, the 
cables leading to the chamber would normally act as a high voltage capacitor, and could 
deliver very large currents for a very short time. This is the high current pulse which is 
potentially dangerous, since it could possibly temporarily raise the voltage on the 
chamber due to the fact that the ground is not a perfect radio frequency ground. However, 
in such a discharge, the 5 MΩ resistors will substantially reduce the rate at which the 
cable can deliver current to the chamber (limiting it to ~ 10 mA rate). This, in turn, will 
substantially limit any transient voltage on the chamber. In the test we raised the voltage 
up to 50 kV which gives 100 kV/cm for 0.5 cm gap between aluminum plates. For the 
forward voltage charging, there was no leakage current at 20 kV (40 kV/cm) applied 
voltage, but above 30 kV the leakage current occurred and finally at 50 kV the measured 
value was about 2.8 µA. For the reverse voltage charging, 5 nA leakage current occurred 
at 20 kV (40 kV/cm) applied voltage and finally at 50 kV the measured value was about 5 
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µA. As a result, the case of the reverse voltage charging had the leakage current greater 
than the reverse case. This is because at the reverse voltage charging the emitted 
electrons from the plate produced much more positive ions that can be a leakage current 
source. Actually, these measured values are much larger than our expected leakage 
current. However, through the high voltage test, we could verify that the system is 
working properly without any kind of corona and arcing and expect to work much better 
under the real experimental condition with titanium field plates. (There are some 
anecdotal evidence that titanium is better than aluminum for leakage current, but we 
don’t know the direct reason for that. For instance, the work functions of two materials 
are not really very different.) 
 
4.3 MAGNETIC SHIELDING 
Our EDM experiment requires the presence of a very stable, well-controlled 
magnetic field. As we discussed briefly in section 2.4, in order to shield background in 
the lab we planed to use a five layer sets of shields. First we designed and constructed 
three layer sets of the shields. They were made by the physics machine shop at the 
University of Texas. In this section we reports our upgraded shielding deigns. Basically, 
magnetic shielding is to use highly permeable material to attract the magnetic flux. The 
result is a reduction of the magnetic field inside the shields. The shielding factor for static 
magnetic fields is the ratio of the magnetic field outside to the magnetic field inside the 
shields. Geometrically, the rounded shapes such as cylinders and spheres get better 
shielding effect than the shapes with sharp edges. 











       (4.3) 
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where   is the permeability of the material, t is the thickness and R is the radius of the 


































SSS      (4.4) 
where nTS  is the transverse shielding factor for the outer layer for an n layer set of 
shields, iTS  is the transverse shielding factor of the 
thi  layer, and iR  is the radius of 
the thi  layer. From these two equations, thicker, higher permeability materials with 
smaller radii have higher shielding factors and larger spacing between the layers raises 
overall shielding factor. An estimate for the axial shielding factor is more difficult. In 





tS A         (4.5) 
where L is the length of cylinder. The axial shielding factor is generally lower than the 
transverse shielding factor. The overall shielding factor of our system is 1.12×106. For 
the background noise below HzG /10 6  at 0.05 Hz field switching frequency the 
expected noise the inside the shields should be about HzG /10 12 and this result will 
allow us to attain our desired sensitivity. 
 
Layer R (inches) t (inches) 
i
TS  
1 10 0.625 62.5 
2 13 0.625 48 
3 16 0.625 39 
4 19 0.625 32.89 
5 22 0.625 28.4 
Table 4.1: Magnetic shielding parameters [46] 
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Through the background search of several magnetic shielding manufacturers we 
decided to construct the inner three layers at our machine shop in the Physics department. 
The designed layers were made from HyMu 80, an un-oriented 80% nickel-iron-
molybdenum alloy which offers extremely high initial permeability as well as maximum 
permeability with minimum hysteresis loss. For specific details of the design, we have to 
include holes for all the vacuum ports and tubes and importantly consider the ability to 
assemble the shields around the whole constructed vacuum apparatus. It is very difficult 
to slide cylinders down around the vacuum chamber due to the number of vacuum tubes 
extending out through the shielding at various angles. So, we constructed two cylindrical 
half shells that join around 2D-MOT tube and had the top lids of the shields fit around the 
4 long vacuum tubes. We use a series of seam covers and aluminum clamps for 
effectiveness and assembly. In addition to seam covers and clamps, in order to improve 
uniformity of the inner shielding region and shielding effectiveness we use sleeves on all 
the holes of end caps, vacuum ports and tubes [47]. From this upgraded design, we expect 
that the region of homogeneity would be extended by approximately 5 % accompanied 
by approximately 30 % improvement in shielding effectiveness. Figure 4.11 shows the 
assembled first layer. The figure 4.11 includes all the holes and features of the shielding. 
For the construction of the design Mu-metal large flat sheets are used for the pieces of the 
material and welded together to create the layer shielding parts. The aluminum clamps 
are used for assembling shielding layers. The outside piece of the clamp was machined to 
fit around the seam cover and outer diameter of the cylinder and the inside piece of the 
clamp was machined to fit inside the inner diameter of the 2 cylindrical shells. The seam 
covers are designed to have about 10” overlap on each of the two half cylinder pieces and 
run the whole length of the cylinder on each side, but one of seam covers is separated into 
2 pieces around the vacuum tube to the 2D-MOT. The top lids fit over the four vacuum 
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tubes extending out from the titanium cube. There are also lead seam covers overlapping 

















Figure 4.11: The picture of the assembled first layer shield 
Figure 4.12 describes the two side views of the assembled whole 3-layer shield. 




















Figure 4.12: The whole schematic of three assembled layers 
After manufacturing Mu-metal to final form, Mu-metal shielding requires heat 
treatment that is annealing in hydrogen atmosphere. The annealing process makes the 
material re-crystallized which results in increment of permeability and shielding 
performance and also in this process, impurities are removed, especially carbon, which 
obstruct the free motion of the magnetic domain boundaries. We try to contact several 




4.4 OPTICAL MOLASSES SET-UP 
As I mentioned in previous chapter, we tested the number of atoms captured by 
optical molasses (OM). In our OM test, we could not obtain our expected number (10
7
 
atoms/s) due to the radiation pressure imbalance resulting from the mirror-loss and beam 
misalignment. In the real OM set-up, we are planning to use six beams which have 
orthogonal linear polarizations for each pair of beams called lin  lin polarization 
gradient cooling instead of three pairs of circular polarized beams. Since the  transition 
rate for the ground state mF to the excited state mF–1 is much less than the
 rate to the 
excited state mF+1, the
 beam is scattered much more than the  beam. Therefore, 
the   configuration can cause the drag force resulting from the population imbalance 













Figure 4.13: The optics layout of optical molasses 
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 We are using the laser slaved by injection licking what we used to be. There are 
several telescopes which are not shown in figure used for collimating laser beams and 
also three Glan-Calcite polarizers used to produce the vertical and horizontal 
polarizations. In order to detect the fluorescence of cooled Cs atoms in OM, light will be 
collected by a pair of achromatic doublet lenses and measured by a CCD camera with 
high resolution. Through this OM set-up, we will be able to make up for the previous 
defects.  
 
4.5 AF COILS AND MAGNETIC FIELD CANCELLATION 
 As we mentioned before, we are using audio frequency (AF) coils to produce the 
oscillating field which makes Cs atoms transferred from one to other Zeeman sub-level. 
AF coils is place at the center region in the main chamber along the perpendicular 
direction to the electric field plates. For this coil set-up, rectangular shaped Helmholtz 
magnetic coils with cmcm 5.269   were made with 15 turns of Kepton wires which can 
be operated on UHV. These coil system can give the maximum magnetic field of 68 mG 
for 1.5 A which corresponds to the Rabi frequency of about 12 kHz. We will first scan a 
large range to look for a resonance region and then we are decreasing the sweep range for 
atom transfer. In addition to AF coil system, another issue is magnetic coil systems for 
field cancellation. In order to improve the experimental sensitivity, we require an 
environment where the background magnetic field is very small and uniform. To 
minimize the background noise across the measurement region, we are planning to use a 
set of rectangular shaped Helmholtz coils for the cancellation of the residual magnetic 
fields outside the shields. The dimensions of coils will be determined after 3 layer sets of 
magnetic shields are assembled. From our estimated shielding factor of 3 layers, we 




. If we place the shields at the center of this coil, the background field will be much 
lowered to few more order. Another point we need to consider is the effectiveness of the 
permeability. The effective permeability of the shields for a static magnetic field is 
greatly enhanced due to the superposition of an alternating magnetic field that has slowly 
decreased from large amplitude to zero. This demagnetization or degaussing process is 
carried out by passing current through a single turn wire that is wound around three 
layers toroidally. This has the effect of taking the material around smaller hysteresis 



















Chapter 5:  Zeeman Resonance Transition 
Our EDM experiment is to measure the linear Stark shift of the Cs atom in the 
ground state under the electric and magnetic fields. The existence of the linear Stark shift 
due to the permanent EDM will be extracted from the phase difference due to the 
direction (parallel or anti-parallel to the quantized axis which is the same as the static 
magnetic field) of the static electric field. In order to obtain this phase shift the magnetic 
resonance transitions between Zeeman sublevels in the ground state will be optically 
detected through the populations remaining in the initial state. 
 
5.1 CS ATOMIC EDM 
 The T-violating experiment can be realized by the laser cooled atoms in parallel 
electric and magnetic fields. As I mentioned before, we will measure the energy shifts 
between atomic spin states in the F=3 ground state of Cs. The interaction energy of Cs 
atom in a state FmF  with external electric and magnetic fields parallel to quantization 
axis, FF / , can be given by 







,    (5.1) 
The first term represents the Zeeman interaction of the magnetic momentum of the atom 






  . 
For 1 mG static magnetic field, Zeeman sublevels in the F=3 ground state of Cs are split 
by the same amount of 350 Hz. The second and third terms describe the effect of the 
induced atomic dipole moment where scalar  and tensor  are the scalar and tensor 
polarizabilities, respectively. When we apply the static electric field of 100 kV/cm, the 
scalar Stark shift is about 8105  Hz and the tensor Stark shift term is proportional to 
26.19 Fm  Hz. The last term linear in the electric field is the interaction term of the 
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permanent atomic EDM with the electric field. The frequency shift upon the reversal of 
the external electric and magnetic field orientation would mean the signature of the 
permanent EDM. 
 
5.2 OPTICAL MEASUREMENT OF ZEEMAN TRANSITIONS 
 The relevant population between the Zeeman sublevels of the ground state (F=3 
of Cs) can be detected by irradiating atomic vapors with polarized resonance lights. In 
our system, Cs atoms are launched from the separated 2D MOT chamber to the electric 
field plates region in the main chamber and they are trapped in OM and FORT. After this 
process we are moving on to the measurement process. From the initial state, we are 
applying oscillatory magnetic pulses to the ground Cs atoms that induces the spin 
precession and finally trying to detect the transition probability out of the initial state. 
 
5.2.1 State preparation 
In order to realize the state selective magnetic resonance experiment, we need 
quantum state preparation and state-selective detection [33]. Our measurement strategy is 
to obtain the energy difference between 3,3, FmF and 3,3, FmF states from a 
final 0,3, FmF population proportional to the Ramsey fringe function. The basic 
idea of the optical pumping is to transfer angular momentum from resonant polarized 
beam to the atoms to generate a non-thermal population distribution in the Zeeman sub-
level of the ground state, thus creating a spin polarization. In our system, the OM beam is 
also used for OM operation to trap the atoms in the field plates region. It is tuned to 
6S1/2(F=4) → 6P3/2(F=5) transition to drive the atoms from the upper ground state to the 
excited state and collect the atoms into 6S1/2(F=3) states. In the first stage, OM beam is 
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accompanied with the re-pumper laser beam tuned to 6S1/2(F=3) → 6P3/2(F=4) to produce 










Figure 5.1: OM cycling transtion 
 After cooling atoms launched from 2D MOT, the re-pumper laser will be off so 
that all atoms will fall into the Zeeman sublevels in the F=3 ground state after few 
excitation and spontaneous decay cycles. For the preparation of initial 
state 0,3, FmF , we are applying π-polarized optical pumping beam and OM beam as 
shown in Figure 5.2. The linearly polarized optical pumping laser that is tuned to 
6S1/2(F=3) → 6P3/2(F=3) transition will be used for 0,3, FmF  dark state. Since this 
optical pumping beam only allows 0 Fm transition except for 6S1/2 0,3  → 
6P3/2 0,3  transition, the atoms in the dark state are not reacted to a laser beam. The 
optical pumping and OM beams are initially on together. After few decay cycles, all 
atoms will fall into the dark state, and then OM beam is off to produce the 










Figure 5.2: Optical pumping scheme 
 
5.2.2 State Selective Ramsey Method 
From the initial state induced by optical pumping, we will drive the Zeeman 
transitions using so called Ramsey method. Under the presence of a bias magnetic field 
the 7 Zeeman sub-levels are made non-degenerate and transitions between these sub-
levels are derived by oscillating magnetic field induced by RF coils with a function 




 , and then the atoms evolve freely during a time T with the phase 
difference . The second pulse will be applied to transfer atoms to 0,3, FmF and the 
fluorescence signal of the atoms will be detected with the detection laser. The number of 
returned back to the mF=0 state will include the energy difference which is related to the 
EDM signal. 
The Hamiltonian for an atom with a total atomic angular momentum F in a static 
magnetic field can be defined as 
BH           (5.2) 
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where µ is the magnetic momentum of the atom expressed by Fg BF  , gF is the 
Landé g-factor 4/1Fg for the Cs 
6
S1/2(F=3) state, the Bohr magneton µB. In addition 
to the static magnetic field, zB ˆ0 , if we apply an oscillating field perpendicular to zB ˆ0 , 
xtBB RFRF ˆ)cos( , the Hamiltonian is 
)ˆ)cos(ˆ()( 0 xtBzBBBH RFRF  
 xRFBFzBF FtBgFBg )cos(0    
xRzL FtF )cos(2        (5.3) 
where ωL (Larmor frequency)= /0Bg BF and ΩR (Rabi frequency)= 2/RFBF Bg  . 
Now we represent the wavefunction from the reference frame to the rotating frame at ω 
for z-axis by writting )()( tet z




  )()('      (5.4) 








i xRz       (5.5) 
where   L . The last term in the first line oscillates so fast so that we can neglect 
this term which is averaged to zero in time. This is so called rotating wave approximation 






      (5.6) 
For the Ramsey method with two pulse durations of 2/ R  and 






    (5.7) 
where i  is the initial state and f  is the atom spin state at the time of detection. 
The probability of a transition out of the state is 
2
1 fiP  . If we apply the Rabi 
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frequency much stronger than the Larmor frequency )( R , the final state of 
Zeeman sub-level FmF ,  can be given by 























 ')(,'  is Wigner small d-matrix (Appendix C). 
 Figure 5.2 shows the Ramsey line shape of the spin F=3 system. We choose the 
initial state to be 0,3  FmF . In this case, we approximated the resonance 
frequencies of the different Zeeman transitions, 1,30,3  , 2,31,3  and 
3,32,3  , are all the same. Therefore, a resonant RF pulse would couple to all of the 
transitions at the same time. If this case is a good approximation, we would just use two 
π/2 pulses with a single frequency. Here the curve is plotted by applying π/2 to the pulse 
duration τ. In contrast to the resonance line shapes of spin ½ atoms, it shows much more 
complex structure. Here the transition probability out of 0,3  FmF  is zero rather 
than one on the resonance condition and the line shape shows a repeatable pattern of two 










Figure 5.2: Ramsey lineshapes in the limit of  for an F=3 spin state 
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 A remarkable feature is that the line width of the central fringes is much narrower 
than that (0.5π/T) of ordinary Ramsey line shapes [33]. This comes from the fact that a 
rotation through only a small angle is required to cause a significant decrease in the 
projection of the state onto 0,3  because there are seven Zeeman sub-levels. In this 
approximated case, Zeeman transition experimental process becomes simpler than the 
case of different resonant frequencies. However, very short pulse makes a very high Rabi 
frequency that is much larger than the frequency difference between the adjacent 
transitions. As a result, the pulse would not resolve the difference.  
On the contrary to previous approximated case, in real atomic system that leads 
more complicated process, the resonance frequencies are little different due to the effect 
of the tensor Stark shifts. In this case, it becomes possible to drive only one of the 
transitions resonantly. In our experimental procedure, after atoms are prepared in the 




states by a series of RF pulses with different frequencies which will be applied 
sequentially. For the applied static electric field of 100 kV/cm, there are tensor Stark 
shifts of an amount of 40 Hz between the energy differences of Zeeman sub-levels that 
should be considered for each applied RF pulse. In this case, we need to tune RF pulse to 
the 1,30,3   transition and this is not driving any of the other transitions because 
other Zeeman levels are at different frequencies. So, each pulse has the two correct 
frequencies to drive the two desired transitions. The first pulse should have a 
superposition of the two frequencies of the 1,30,3   transition and the 
1,30,3  transition. Then the second pulse would have the two frequencies of the 
2,31,3   and 2,31,3   transitions. The third pulse would be applied in the 
same way as before. After the end of the Ramsey interrogation, another chain of RF 












Figure 5.3: The transfer of Cs atomic states by a series of π-pulses 
These returned Cs atoms will have a probability given by a Ramsey fringe 
function in the phase difference between the accumulated phase during time evolution of 
RF driving pulses and the accumulated phase between 3,3   and 3,3   states. Figure 
5.3 shows the transferred Cs atoms by RF pulse sequence. In this situation, the resonance 
curve would just be a normal Ramsey curve with a probability that is given by 2cos , 
where   is the phase shift. Here we are using long pulses with a Rabi frequency that is 
smaller than the frequency splitting. In this method, we would have the narrowest 
possible lineshape which gives better sensitivity. 
 
5.2.3 Optical detection 
 After Zeeman transition by Ramsey pulses, in order to measure the probability of 
Cs atoms returned to 0,3, FmF  state, we are shining a linear polarized re-pumper 
beam tuned to 6S1/2(F=3)→6P3/2(F=4) transition. This re-pumper beam will redistribute 
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the atoms in the 0,3  FmF  states that are not returned among FmF ,3  states 
but most of those atoms will be pumped into FmF ,4  states by the selection rule. 
Finally, the number of atoms pumped into FmF ,4  states can be thought of as the 
probability of a spin transition out of the 0,3  FmF  state, 
2cos1P , where 




  which is related to EDM signal. The detection of the fluorescence 
signal induced by a laser tuned to 6S1/2(F=4)→6P3/2(F=5) cycling transitions without 









Figure 5.4: The schematic energy level diagram of optical detection 
 
5.3 TIME EVOLUTION OF ATOMIC EDM IN EXTERNAL FIELDS 
 As discussed above, our measurement is realized by measuring the repopulation 
rate of 0,3  FmF  spin state. If a permanent EDM exists, the energy difference will 
occur under the electric field reversal. In this section, we present how atomic state 
evolves in time as a simple manner. We will just treat specific three Zeeman sublevels 
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( 0,3 , 3,3   and 3,3  ) as the F=1 matrix which is sufficient to examine the trend of 
the relevant quantities. In the first state preparation, atoms are optically pumped into 















i         (5.9) 
in the spinor representation. For the first RF 2/ -pulse, the magnetic field rotates the 















































   (5.10) 
After the rotation by the first RF pulse, the atomic polarization precesses at the Larmor 
frequency /0Bg BFL    perpendicular to zB ˆ0  during interrogation time t. If there is 






























      (5.11) 
And then, for the second 2/ -pulse, the oscillatory field transforms the atomic 









































    (5.12) 
where  is the phase shift between the first and second RF fields. Therefore, the 
fluorescence signal is proportional to the population of the mF=0 state given by 
 ])[(cos2   tdESignal L       (5.13) 
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5.4 TIME SEQUENCE OF ZEEMAN TRANSITION EXPERIMENT 
 The experimental procedure for magnetic resonance Zeeman transition in our 
system is described in Figure 5.5. Precise time scales will be optimized in near future 













Figure 5.5: The timing process of Cs magnetic resonance experiment 
At the beginning of experiment cycle, the 2D+ MOT is loaded to produce Cs atomic 
beam. In the first step, the MOT beam, the re-pumper beam and quardrupole magnetic 
field are turned on together. The MOT beams are red-detuned to the 
6S1/2(F=4)→6P3/2(F=5) transition. After 2D MOT loading, the linear polarized pushing 
beam with zero-detuning is applied to launch Cs atoms to the main chamber and at the 
same time OM beams will be operated in the main chamber to cool launched atoms in the 
measurement region. Immediately following this, the optical dipole trap beams are turned 
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on to trap the atoms in dipole potential with 400 µK trap depth which will be lowered to 
about 10 µK during the EDM measurement and the optical pumping beam will be shined 
for state preparation and then OM beam are off for state purification. The next step is 
Zeeman transitions induced by RF pulses under the static electric and magnetic fields and 
the atom number will be probed by optical method. Figure 5.6 shows the expected 











Figure 5.6: EDM experiment timeline 
 Our EDM measurement will be carried out with a given polarity of E(t) in each 
side of field plates for specific time  pm  , where p is the number of Ramsey cycles 
and τ is the coherence interaction time limited by how long atoms can be held in the trap. 
The direction of E-field in one side will be parallel to the B-field direction and the other 
side will have the E-field direction anti-parallel to B-field. These cycles will continue for 
a total measurement time mqT  , where q must be even number. 
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5.5 SUMMARIES AND CONCLUSIONS 
We have proposed to carry out the experiment to search for an electric dipole 
moment (EDM) of the electron using Cs atoms which are laser-cooled and held in optical 
dipole force traps. Our EDM experiment is to improve the accuracy of the current limit 
( 271005.1  e∙cm) by a factor of 10
2
. Our proposed set-up will provide much more 
sensitive conditions than the conventional measurement with 1000 times narrower 
linewidths which leads to a much smaller statistical error in the energy splitting. So far, 
we have made 2D MOT and FORT system and finished the tests that they are working 
properly. All of the titanium vacuum parts were assembled and operated at under 
10105.1  Torr and three layers magnetic shields were manufactured and tested if they are 
assembled well together. In addition, the leakage current measurement of our voltage 
system was done using a pair of aluminum field plates in the test chamber. Now we are 
working on the test to load Cs atoms in an optical dipole force trap. Although we have 
had much progress in the experimental set-up, there are some preliminary issues. At this 
point progress is being made towards the manufacture of the magnetic field cancelation 
coils and the optical set-up of Zeeman transition measurement system. We are also 
necessary to anneal magnetic shields to get high permeability. In conclusion, our careful 
considerations of the magnetic field noise and other crucial factors limited in previous 
experiments will allow us to achieve our ultimate goal lowering two orders of magnitude 




OPTICAL DIPOLE POTENTIAL AND SCATTERING RATE 
When an atom lies in laser light field, the electric field E induces an atomic dipole 
moment p oscillating at the driving frequency ω. For complex field 
..)exp()(
~
ˆ),( cctirEetrE  

and ..)exp()(~ˆ),( cctirpetrp  

, where ê  is the unit 





~~           (A.1) 
Here α is the complex polarizability, which can be derived from the equation of 
motion eclassic mteExxx /)(
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         (A.3) 
is the classical damping rate due to the radiative energy loss. For on-resonance 
damping rate, classic
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c       (A.4) 
In addition to the complex polarizability, the interaction potential of the induced 













      (A.5) 
 92 




2 EcI  , and the 
factor ½ takes into account that the dipole moment is an induced, not a permanent one. 












     (A.6) 
 The power absorbed by the oscillator from the driving field (and re-emitted as 














     (A.7) 
The absorption results from the imaginary part of the polarizability, which 
describes the out-of-phase component of the dipole oscillation. For one photon energy of 
 , the absorption can be interpreted in terms of photon scattering in cycles of 















       (A.8) 
 For the far-detuned case with very low saturation and thus very low scattering  









































































.    (A.10) 
 In most experiments, the laser is tuned relatively close to the resonance at ω0 such 
that the detuning 0   fulfills 0 . The counter-rotating term can be 
neglected in the well-known rotating-wave approximation and on can set ω/ω0 ~ 1. As a 

























































































SCALAR AND VECTOR LIGHT SHIFTS IN FORT 
 The light shifts of the dipole trap can be derived from the second order time 
dependent perturbation theory. Here we are dealing with the two basis atomic system, the 
ground states S and the excited state P. When we set the time dependent electric field of 
laser as  titi eeEtE   *0 ˆˆ
2
)(   , the perturbed time dependent potential that the atoms 
interact with the laser field can be described by 
 titi eereEtEreV   *0 ˆˆ
2
)(        (B.1) 







       (B.2) 
where a and b are the time variation of the probability amplitude for two-state system. 
For zeros order perturbation term,  1)()0( ta  and 0)()0( tb . We can substitute this 
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  (B.5) 





















































The linear time evolution of a
(2)
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  rr and considering the 
sum of the squares of the matrix elements for transitions from a single magnetic sublevel, 





























FS FF     (B.11) 






















FF      (B.13) 

















FF     (B.14) 




























































































  (B.16) 
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1 yx i  , z 0 , and )(
2
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  (B.20) 
Here, ω1 is the lowest possible resonance frequency. The first term represents the depth 






























For the second term that is vector light shift with ω1 much larger than the laser frequency 



































 We can introduce the standard definition of the rotations about three principle 

















)(xR        (C.1) 



















)(yR        (C.2) 

















zR         (C.3) 
The angles, α, β, and γ are the Euler angles. 
 In a quantum mechanical description, the rotational transformation of a 
wavefunction for a state of the total angular momentum F can be described by Wigner 
small d-matrix 
  2/1,' )!()!()!'()!'()( mjmjmjmjd
j
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